Pulmonary arterial hypertension (PAH) is a debilitating disease with a high mortality rate. A hallmark of PAH is plexiform lesions (PLs), complex vascular formations originating from remodeled pulmonary arteries. The development and significance of these lesions have been debated and are not yet fully understood. Some features of PLs resemble neoplastic disorders, and there is a striking resemblance to glomeruloid-like lesions (GLLs) in glioblastomas. To further elucidate PLs, we used in situ methods, such as (fluorescent) IHC staining, three-dimensional reconstruction, and laser microdissection, followed by mRNA expression analysis. We generated compartment-specific expression patterns in the lungs of 25 patients (11 with PAH associated with systemic shunts, 6 with idiopathic PAH, and 8 controls) and GLLs from 5 glioblastomas. PLs consisted of vascular channels lined by a continuously proliferating endothelium and backed by a uniform myogenic interstitium. They also showed up-regulation of remodeling-associated genes, such as HIF1a, TGF-␤1, VEGF-␣, VEGFR-1/-2, Ang-1, Tie-2, and THBS1, but also of cKIT and sprouting-associated markers, such as NOTCH and matrix metalloproteinases. The cellular composition and signaling seen in GLLs in neural neoplasms differed significantly from those in PLs. In conclusion, PLs show a distinct cellular composition and microenvironment, which contribute to the plexiform phenotype and set them apart from other processes of vascular remodeling in patients with PAH. Neoplastic models of angiogenesis seem to be of limited use in further study of plexiform vasculopathy. (Am J
Pulmonary arterial hypertension (PAH) may occur either as a primary disease of unknown cause [idiopathic PAH (IPAH)] or as an associated manifestation of other diseases or malformations [eg, congenital shunts between the systemic and pulmonary circulation; associated PAH (APAH)]. 1, 2 Characteristic histologic findings of PAH include remodeling of small pulmonary arteries and arterioles with varying degrees of endothelial cell proliferation, muscular hypertrophy, and intimal fibrosis, ultimately leading to an obliteration of precapillary vessels. Morphologic hallmarks of severe PAH are the socalled plexiform lesions (PLs): complex, glomeruloid-like vascular structures originating from the pulmonary arteries. 3, 4 Whether PLs represent just a morphologic "indicator lesion" or play a role in the pathogenesis and/ or progression of PAH has not yet been clarified. On a more basal level, even the actual cellular composition of PLs has not been conclusively determined: the high plasticity of the (mesenchymal) cells involved, ie, their ability to change their phenotype depending on the current local microenvironment, have hampered analysis. 5, 6 The favored consensus describes the PL as a proliferating network of endothelial-lined vascular channels supported by a core of specialized and apoptosis-resistant myofibroblasts, smooth muscle cells, or even undifferentiated mesenchymal cells. 7 Animal models using chronic hypoxia combined with the application of SU5416 (semaxinib), a vascular endothelial growth factor receptor (VEGFR) blocker, have produced glomeruloid lesions that mimic the formation of PLs to a certain extent. 8 These lesions develop early after treatment with SU5416 combined with hypoxia, a situation that does not fully mirror the situation in humans, where there is evidence that severe pulmonary arterial pressure over a longer period is needed to induce PLs. 9 Moreover, neoangiogenesis in peritumoral tissue, such as the so-called glomeruloid-like lesions (GLLs) in high-grade neural tumors, have also been discussed as a putative model for PLs. 10 -13 This experimental approach is compatible with the concept of the PL, or rather the adjacent artery from which it arises, as a circumscript angiogenic reservoir or niche that accommodates endothelial cells with a "quasi neoplastic" behavior, which contributes to remodeling of the pulmonary vasculature. 14 Thus, although extensive analyses have been performed in animal experiments or alternative, tumor-associated vascular models that show a degree of morphologic similarity, actual PLs in humans have not yet been studied in more detail.
In this work, we studied the cellular composition, architecture, and local signaling of PLs in human PAH lungs. We compared the microenvironment in PLs with that in tumor-associated GLLs to examine the relevance of neoplastic models as a research platform for PLs. Furthermore, we aimed to explore whether PLs represent an epiphenomenon in severe PAH and whether the "angiogenic niche" plays a major role in vascular remodeling.
Materials and Methods

Specimens
We chose to focus on vascular remodeling in APAH associated with congenital heart disease. To this end, we selected 11 bilateral lung explants from patients with Eisenmenger's syndrome (New York Heart Association class IV). Of these patients, 7 showed prominent PLs (age at transplantation: arithmetic mean Ϯ SD, 37.4 Ϯ 9.9 years; median, 38 years) and 4 did not (age at transplantation: arithmetic mean Ϯ SD, 34.5 Ϯ 19.3 years; median, 28.8 years). Unagitated, nonremodeled pulmonary arteries taken from downsized lung tissue of donor lungs (n ϭ 8) resected immediately before transplantation served as a reference for mRNA and protein expression analyses (Table 1) .
In addition, we selected six bilateral lung explants from patients with IPAH (New York Heart Association class IV), all of them exhibiting prominent PLs (age at transplantation: arithmetic mean Ϯ SD, 32.7 Ϯ 17.1 years; median, 34 years). One of these patients carried a mutation of the BMP receptor 2 (BMPR2) (see Supplemental Table S1 at http://ajp.amjpathol.org).
All the specimens were inflated with formalin by the main bronchi and were formalin-fixed overnight before being extensively sampled and paraffin-embedded (FFPE). Subsequently, they were histologically evaluated, graded according to the Heath-Edwards classification, and correlated with clinical data to confirm the (histopathologic) diagnosis. 15 In addition, five high-grade glial neoplasms (glioblastomas multiforme) with prominent peritumoral neoangiogenesis forming so-called GLLs were examined. The FFPE samples were retrieved from the archives of the Institute of Pathology of Hannover Medical School and were handled anonymously, following the requirements of the local ethics committee. X  4  51  Atrial septal defect  IV  65  2 M  X  4  42  Atrial septal defect  IV  70  3 F  X  4  45  Ventricular septal defect  IV  79  4 F  X  4  31  Ventricular septal defect  IV  72  5 M  X  4  38  Complex cardiac malformation  IV  65  6 F  X  4  34  Patent ductus arteriosus  IV  62  7 F  X  4  21  Univentricular heart  IV  68  8 M  X  3  23  Complex cardiac malformation  IV  65  9 M  X  3  58  Complex cardiac malformation  IV  68 
Light Microscopy and IHC Staining
Serially cut slides were IHC stained for different markers of endothelial and smooth muscle differentiation, vascular remodeling, fibrosis, and inflammation-associated markers using monoclonal antibodies and following a standard ABC protocol [angiopoietin (Ang)-1, Ang-2, CD3, CD20, CD31, CD34, CD68 (KP1), CD117 (c-KIT), CD141 (thrombomodulin), desmin Ki-67, mast cell tryptase, myocardin, ␤-type platelet-derived growth factor receptor, podoplanin, SMA, smooth muscle myosin heavy chain (smmhc), transforming growth factor (TGF)-␤1, thrombospondin (THBS)-1, and VEGF-␣; Table 2 ]. The staining intensity in different compartments was assessed in at least two locations in both lobes of the lung specimens as no reactivity, barely visible reactivity at high magnification ("weak"), well-recognizable reactivity at medium magnification ("intermediate"), and high protein expression levels visible even at low magnification ("strong"). 16 The range of positive cells in the different compartments was scored semiquantitatively as no apparent reaction (score 0), positivity in Ͻ30% (score 1), positivity in Ն30% and Ͻ60% (score 2), and positivity in Ն60% (score 3) of cells. 17, 18 We examined PLs and the adjacent arteries from which they sprout: remodeled arteries Յ750 m from the corresponding PL, with varying degrees of media hypertrophy and (concentric) intimal proliferation. In PAH lungs without PLs, we analyzed remodeled arteries, which showed concentric laminar intimal proliferation and fibrosis ("concentric lesions" with a diameter of Յ500 m). Unagitated arterial vessels from downsized lung tissue of donor lungs served as controls.
Inflammatory cells in PLs and their adjacent vessels and in controls were quantitated by counting the number of positively marked cells per square millimeter (positivity for CD3, CD20, CD45, CD68, and mast cell tryptase; Table 2 ). Staining intensity, where applicable, was graded as weak, intermediate, or strong. 17, 18 For negative controls, the primary antibody was replaced by bovine serum albumin.
Laser-Assisted Microdissection and RNA Extraction
Serial sections (5-m-thick FFPE tissue) were mounted on a poly-L-lysine-coated membrane fixed onto a metal frame. After deparaffinization and routine (hemalum) staining, the CellCut Plus system (MMI Molecular Machines & Industries AG, Glattbrugg, Switzerland) was used for laser-assisted microdissection. Pathologic and anatomic structures (PLs, adjacent arteries, concentric lesions in patients with APAH without PLs, and controls) were sampled from at least two locations in both lobes of the explants using a no-touch technique, as described elsewhere 19 ( Figure 1 ). These microdissected areas included the adventitia directly adjacent to the vascular structures ( Figure 1 ). Approximately 1500 cells were harvested from each compartment. The microdissected material was subsequently suspended in a proteinase K digestion buffer by placing it directly in the adhesive cap. After overnight digestion, RNA was isolated using phenol-chloroform extraction and precipitation following the established modus operandi. 20 cDNA Synthesis and Preamplification cDNA was synthesized using the High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) and following the manufacturer's protocol. cDNA was preamplified in 14 PCR cycles with target genespecific PCR primers, thus increasing the sensitivity of the subsequent real-time PCR analysis several thousandfold (decrease of C T : 14 cycles; TaqMan PreAmp master mix kit, Applied Biosystems), as previously reported. 18, 20 The detection system was the DAB Zytomed HRP kit (Zytomed Systems GmbH) for all.
Real-Time PCR and Expression Analysis
The preamplified cDNA from laser-microdissected samples was evaluated by real-time PCR (TaqMan 7500 realtime PCR system, Applied Biosystems, Carlsbad, CA). Quantification was performed in reactions containing preamplified cDNA, TaqMan Gene Expression Master Mix, and the individual TaqMan Gene Expression Assay (both from Applied Biosystems). A compilation of proliferation-, apoptosis-, fibrosis-, and inflammation-associated genes was selected and analyzed following the manufacturer's protocol (Table 3) . For negative controls, the cDNA was replaced by water. C T values were calculated by normalization to the mean expression of three endogenous controls (POLR2A, ␤-GUS, and GAPDH) and were converted into 2 Ϫ ⌬CT values using Excel 8.0 (Microsoft Corp., Redmond, WA), which were then statistically analyzed using the Mann-Whitney U-test and GraphPad Prism, version 5.0 (GraphPad Software Inc., San Diego, CA). 21 We considered P Յ 0.05 to be statistically significant. Expression graphics were created using GraphPad Prism, version 5.0.
Immunofluorescence Double Staining
To confirm the findings of conventional IHC and compartment-specific mRNA expression analyses regarding endothelial and/or smooth muscle differentiation of PLs, we performed immunofluorescence double staining for CD31 and SMA, CD31 and Ki-67, and SMA and Ki-67. Serially cut 5-m-thick FFPE slides were deparaffinized, and antigens were retrieved following the established procedure. Target structures were marked using monoclonal primary-and fluorescence-labeled secondary antibodies [Cy-conjugated AffiniPure F(ab')2 fragment antibodies (HϩL); Jackson ImmunoResearch Laboratories Inc., West Grove, PA]. The nuclear structures were counterstained using DAPI (40 g/mL; Carl Roth GmbH, Karlsruhe, Germany) before the slides were mounted. 19 
GLLs in Glioblastomas
Circumscribed peritumoral vascular formations, socalled GLLs in glioblastomas multiforme (n ϭ 5), were identified by light microscopy. Vital nonnecrotic GLLs were stained by fluorescence IHC, followed by lasermicrodissection and processing for RNA expression analysis as described previously herein for PLs.
Three-Dimensional Reconstruction of PLs
To further assess the structural composition of PLs, we used 30-m-thick slides and (fluorescence) double stained them for CD31 and SMA as described previously herein. To generate three-dimensional (3-D) images of PLs, we used a microscope with an automated drive (Micro Focus, Rockville, MD) and special acquisition software (BX51 microscope and Cell P Software 3.3, Olympus Europa GmbH, Hamburg, Germany) and systematically scanned the whole width of the slides. The resulting 2-D images were merged into 3-D shapes. Unspecific, out-of-focus fluorescence was removed from the resulting 3-D images using deconvolution software (advanced maximum likelihood estimation). Images were displayed using the cell* Voxel Viewer (Olympus Europa GmbH).
Terminal Deoxynucleotidyl TransferaseMediated dUTP Nick-End Labeling Assay
To analyze the role of apoptosis in the remodeling process in PLs beyond caspase mRNA expression (see previously herein), we assessed the content of fragmented DNA in PLs, adjacent vessels, and controls using an apoptosis detection kit (ApopTag plus peroxidase in situ; Millipore, Temecula, CA) on 5-m FFPE samples following the manufacturer's protocol.
Results
Characterization of PLs and Neighboring Remodeled Arteries
PLs showed significant mRNA up-regulation of the endothelial markers CD31 and endothelial nitric oxide synthase and an increase in SMA expression compared with the adjacent arteries ( Figure 2 ). Because PLs are mainly composed of "vascular channels," (over)expression of markers of endothelial differentiation is not surprising, especially considering the comparable numbers of microdissected cells from the different compartments. The complementary IHC staining concurred with the results of mRNA expression analysis: CD31 showed strong laminar positivity in luminal cells of vascular channels in PLs and their adjacent arteries. The staining patterns of the endothelial markers CD34 and CD141 were comparable. SMA stained strongly in the slender, nonluminal interstitium, composed of a homogenous population of tightly layered mesenchymal/myogenic cells (Figure 3 and Table 3 ). These staining patterns in regular IHC were confirmed using immunofluorescence double staining: the CD31-positive endothelium of the vascular channels was continuously backed by SMA-positive cells, arranged in a uniform stratum less than or equal to four cell layers thick. 3-D reconstruction of PLs validated this cellular composition (Figure 4) .
The adjacent remodeled arteries with prominent media hypertrophy and intimal thickening showed significantly increased mRNA levels of desmin, myocardin, and smmhc compared with PLs (Figure 2 ), which was largely anticipated given the ratio of smooth muscle to endothelial cells exceeding 9:10 in these vessels. The corresponding IHC staining confirmed these expression patterns, with strong positivity in the prominent media layer for all three targets in pulmonary arteries but not in PLs. Whereas PLs, the adjacent arteries, concentric lesions in APAH without PLs, and controls did not stain for podoplanin, there was a marked accumulation of podoplaninpositive lymphatic vessels around PLs. Aside from the presence of PLs themselves, there were no reproducible morphologic differences between APAH specimens with and without PLs (Figure 3 and Tables 3 and 4) .
Together, PLs in IPAH and APAH showed only minor differences in composition-related mRNA and protein expression: whereas PLs in APAH showed significant upregulation of CD31, those in IPAH showed a comparable trend toward up-regulation (Figures 2 and 3 ; also see Supplemental Figure S1 and Supplemental Table S2 at http://ajp.amjpathol.org) The height of the mean pulmonary arterial pressure or the pulmonary vascular resistance measured before transplantation had no effect on the composition of PLs.
Tissue Remodeling-Associated Markers in Pulmonary Vascular Compartments
PLs showed significantly increased mRNA levels of Ang-2 (but not Ang-1), c-KIT, HIF1a, matrix metalloproteinase (MMP) 9 (but not MMP14), NOTCH4, VEGF-␣, VEGFR1, VEGFR2, and THBS1 compared with the adjacent remodeled pulmonary arteries. We also found upregulation of Tie-2 and pivotal TGF-␤1, which do not represent endothelial growth promoters per se compared with the adjacent remodeled pulmonary arteries.
IHC staining correlated with these findings, with strong luminal/endothelial positivity for Ang-2, c-KIT, VEGF-␣, and TGF-␤1 in PLs but not in the adjacent vessels. TGF-␤1 also showed mild staining of the interstitium in PLs.
BMP-4 and BMPR2 were significantly up-regulated in concentric lesions in patients with APAH who did not exhibit PLs compared with other groups. All other markers did not show significant differences between compartments/groups (Figures 2 and 3 and Tables 3 and 4) .
In summary, PLs in IPAH and APAH showed only minor differences in remodeling-associated gene regulation: cKIT, HIF1a, MMP9, TGF-␤1, and THBS1 were up-regulated in PLs in APAH compared with the adjacent arteries, with a comparable but nonsignificant trend in PLs in IPAH (see Supplemental Figure S1 at http://ajp.amjpathol. org). Hemodynamic variables, such as the height of the mean pulmonary arterial pressure or pulmonary vascular resistance measured before transplantation, had no effect on remodeling-associated gene expression in PLs.
Proliferation and Apoptosis in PLs
Conventional IHC Ki-67 staining and immunofluorescence double staining for CD31/Ki-67 and SMA/Ki-67 showed a significant proliferation of CD31-positive endothelial and, to a lesser extent, SMA-positive interstitial cells in PLs compared with their adjacent pulmonary arteries (arithmetic mean Ϯ SD: CD31ϩ cells in PLs, 8.2% Ϯ 2.7%; SMAϩ cells in PLs, 4.6% Ϯ 2.2%; CD31ϩ cells in adjacent arteries, 1.1% Ϯ 1.1%; and SMAϩ cells in adjacent arteries, 1.2% Ϯ 0.9%). We found no significant differences regarding apoptosis in mRNA expression analysis of caspases or terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assays between PLs and the adjacent arteries or external controls (PLs, Ͻ0.5% positive; adjacent arteries, Ͻ0.5% positive) ( Figure 5 ).
There were only minor differences regarding the ratio of proliferation and apoptosis between PLs in IPAH and APAH: caspase 9 showed barely significant downregulation in PLs in IPAH cases compared with the adjacent arteries (see Supplemental Figure S1 at http:// ajp.amjpathol.org), whereas mRNA expression levels in PLs and adjacent arteries were similar in APAH specimens (Figure 2) . Comparison of mRNA expression characteristics of PLs in patients with congenital shunts between the systemic and pulmonary circulation (APAH), the adjacent arteries from which they sprout, concentric lesions in patients with APAH without PLs, and controls. Expression of target genes was calculated using the ⌬C T method (see Materials and Methods for details). Middle horizontal lines indicate medians; error bars, percentiles. PDGFRb, ␤-type platelet-derived growth factor receptor.
Inflammatory Cells in PLs
CD3-positive T lymphocytes represented most inflammatory cells in PLs (arithmetic mean Ϯ SD, 7.7% Ϯ 6.7% of all cells in PLs). They also accumulated directly adjacent to PLs, where we found networks of podoplanin-positive lymphatic vessels (see previously herein). CD20-positive B lymphocytes accounted for only a few leukocytes in PLs (arithmetic mean Ϯ SD: 1% Ϯ 0.9% of all cells in PLs). CD68-positive macrophages (arithmetic mean Ϯ SD: 6.2% Ϯ 1.9% of all cells in PLs) and mast cells (arithmetic mean Ϯ SD: 3.6% Ϯ 3.4% of all cells in PL) showed an approximately equal distribution in PLs. The adjacent pulmonary arteries showed Ͻ1% CD3-, CD20-, CD68-, and mast cell tryptase-positive cells ( Figure 6 ). PLs in IPAH and APAH showed no significant differences in concentrations of inflammatory cells.
PAH with BMPR2 Mutation and PLs
The PL in the one patient with a known BMPR2 mutation did not differ from the PL in the other patients with IPAH and APAH: no differences regarding expression patterns (mRNA and IHC analysis), structural composition, or cellularity could be found (see Supplemental Figure S1 at http://ajp.amjpathol.org). Protein expression of structural composition and tissue remodeling-associated markers in PLs, the adjacent arteries from which PLs originate, and GLLs in high-grade primary neural malignomas (in alphabetical order). Ang-2 showed strong cytoplasmic positivity in the endothelial/luminal compartment of PLs and also in the endothelial layer of the adjacent arteries and GLLs. c-KIT (CD117) stained positive in the endothelial/luminal compartment of PLs and in the endothelium of the adjacent arteries, whereas there was no delimitable staining in GLLs. CD31 staining was pronounced in the endothelial/luminal layers in PLs, adjacent arteries, and GLLs alike. Desmin showed only speckled cytoplasmic positivity in the interstitial/myogenic layer of PLs, whereas the media of the adjacent arteries was continuously positive and GLLs showed no staining reaction. Myocardin showed moderate cytoplasmic positivity in vascular structures in PLs and adjacent arteries, whereas GLLs stained only faintly. ␤-Type platelet-derived growth factor receptor (PDGFRb) stained only faintly in PLs, whereas the directly adjacent arteries showed moderate positivity, mainly at the border between the actual vascular wall and the neighboring connective tissue. GLLs showed only faint perivascular staining. Podoplanin showed no delimitable signal in PLs but a slender network of lymphatic vessels around them. There was also no positivity in the adjacent arteries or in GLLs. Staining for SMA showed slim but continuous positivity between the luminal/endothelial layers in PLs, whereas there was a prominent and homogenous staining pattern in the media of the adjacent arteries. In GLLs, the walls of the neoplastic blood vessels also showed strong cytoplasmic positivity, although it was less well organized compared with the nonneoplastic specimens/compartments. Smmhc stained weakly in the interstitium of PLs, whereas there was strong staining in the media of the adjacent arteries. GLLs displayed inhomogenous positivity of the neoplastic blood vessels. TGF-␤1 stained strongly in the luminal and the interstitial compartment of PLs, whereas the adjacent arteries showed only faint positivity of the endothelium. Staining in GLLs was strong in the vascular structures. THBS1 showed inhomogenous cytoplasmic positivity in PLs, whereas the adjacent arteries showed only a faint reaction. GLLs showed inhomogenous moderate positivity. VEGF-␣ showed marked luminal/endothelial positivity, with only a faint endothelial signal in the adjacent arteries. The vessels in GLLs showed strong positivity. Original magnification is included in the lower right corner of each histologic image.
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Characterization of GLLs
Whereas PLs in patients with PAH were well structured, with a layered composition of CD34-positive endothelium and SMA-positive interstitium Յ4 cell layers (see previously herein), the endothelium and media of the vessels that compose GLLs were irregularly shaped and contorted. The thickness of the media/smooth muscle interstitium in GLLs varied considerably and frequently exceeded six layers. PLs showed significant up-regulation of desmin, myocardin, and smmhc compared with GLLs. The corresponding IHC for all three proteins confirmed faint staining of desmin, myocardin, and smmhc in GLLs, whereas staining was moderate in PLs ( Figures 3 and 4 and Table 4 ).
Comparison of Angiogenic Markers in PLs and GLLs in Glioblastomas
Compared with PLs, GLLs showed significant mRNA upregulation of Ang-2, MMP9, and VEGFR2, whereas PLs showed up-regulation of Ang-2, BMPR2, endothelial nitric oxide synthase, and Tie-2. IHC analysis of Ang-1 and Ang-2 matched these findings, with strong expression of Ang-2 in PLs and intermediate staining intensity for Ang-1 in GLLs in glioblastomas. All other markers showed no significant differences between PLs and GLLs ( Figure 7 and Tables 5 and 6 ).
Discussion
Complex vascular formations, so-called PLs, are histologic hallmarks of lungs from patients with PAH. Whether they represent morphologic sequelae of the raised intravascular pressure or actively contribute to the course of the disease is still debated; per se, both seem possible. [22] [23] [24] PLs are generally thought to originate from a misled neoangiogenesis with a dysbalance between apoptosis/necrosis and subsequent proliferation of the endothelium. 3 Although PLs and their development over time have been studied in animal experiments and in part in in vitro settings, knowledge about PLs in the human lung is still limited.
Although they are end-stage organs, recipient lung explants sampled at the date of transplantation represent the only feasible source of lung tissue with characteristic histologic changes of severe PAH in humans. Transbronchial or wedge biopsies are not obtained in day-to-day routine from patients with PAH; in fact, for the most part, the latter are contraindicated owing to considerable bleeding risk, and material taken during postmortem examinations is usually unsuitable for an extensive molecular workup.
From a morphologic point of view, using fluorescent double staining and regular IHC analysis and 3-D reconstruction, these results reveal that PLs are highly ordered structures. The thin, luminal layer around vascular channels was composed of a homogeneous population of CD31-, CD34-, and CD141-positive endothelial cells. This concurs with the mRNA up-regulation of CD31 and endothelial nitric oxide synthase, which suggests prominent endothelial differentiation and further extends previous findings describing endothelial cells as the predominant, if not only, cell type composing PLs. We found no thrombi in any of the PLs we examined. This suggests an intact intima/endothelium with a predominantly nonturbulent flow. 5 We also found a distinct interstitial compartment in PLs, separating the individual blood channels from each other. It was composed of a thin, uniform layer of mesenchymal cells with myogenic differentiation ("interstitial cells of myogenic phenotype"). These cells showed prominent up-regulation of SMA, even compared with the adjacent remodeled arteries, which had prominent media and intima and, thus, consisted mainly of smooth muscle cells. There was, however, only limited expression of smmhc and, notably, desmin. As the concentration of these intermediary filament increases with advancing differentiation of smooth muscle cells toward a contractile phenotype, 25, 26 we consider the heterogeneous expression pattern an indicator of an intermediate state between the contractile and synthetic phenotypes, a finding that is consistent with IHC staining patterns described by others in postmortem case studies in lungs of patients with PAH. 27 Whereas synthetic differentiation tends toward increased proliferation and migration, the contractile phenotype is associated with structural integrity. Both are needed for progressive vascular remodeling. 25 Because remodeling in PAH lungs affects all precapillary vascular compartments, from the truncus pulmonalis down to the arterioles, the question arises as to why the remodeling process is especially pronounced and intricate in PLs. The low expression levels of myocardin and smmhc (but not of ␤-type platelet-derived growth factor receptor) in PLs might provide an answer: these three proteins are characteristic of pericytes. In this line, knockout experiments showed that the absence of these regulatory perivascular cells indeed promotes abundant endothelial hyperplasia in smaller vessels. 28 -30 A possible "outgrowth" of the vascular channels in PLs, with which the regulatory pericytes did not keep pace, might lead to a relative lack of pericytes in PLs. Thus, aside from local hypoxia and shear forces, lack of superordinate regulation might contribute to the ongoing remodeling in PAH lungs. Because pericytes possess considerable plasticity, they cannot be definitely characterized by mRNA and protein expression, thus severely hampering the analysis of their involvement in the formation of PLs. [31] [32] [33] We repeatedly found delicate networks of lymphatic vessels surrounding the PLs, mainly populated by T lymphocytes, presumably identical to "clusters of inflammatory cells" identified by others. 34, 35 In the PL, no lymphatics could be shown. Although elevated serum levels of ILs in patients with PAH have been described, there was no increased expression of ILs in the vascular compartments examined. 36 Although these specimens represent end-stage organs in severely ill patients, PLs still displayed a marked degree of ongoing remodeling. There was pronounced proliferation of endothelial cells, but we observed only a limited extent of cell division in the muscular interstitium. We found almost no detectable apoptosis in either cell type. This concurs with findings of others, who postulate PLs as a result of focal arterial wall apoptosis/necrosis. This initial selection process is thought to leave a circumscript aggregate or remnant of apoptosis-resistant endothelial cells, which compose and promote the growth and Semiquantitative scores indicate the range of positive cells (0, no apparent reaction; 1, positivity in Ͻ30%; 2, positivity in Ն30% and Ͻ60%; and 3, positivity in Ն60%). Staining intensity is indicated as absent, weak, intermediate, or strong.
PDGFRb, ␤-type platelet-derived growth factor receptor.
reshaping of PLs. 3 This continuous proliferation with invagination and sprouting of vascular channels was mirrored by an increased expression of MMP9 and NOTCH4. Of these, the former is involved in the remodeling of the basement membrane during the sprouting process and the latter is involved in the cross talk with pivotal VEGF-␣ and TGF-␤1, the smooth muscle layers and the endothelium, which also drives the reshaping of the local vasculature. [37] [38] [39] The tissue remodeling-associated microenvironment in PLs in PAH is complex. We found significant up-regulation of hypoxia and shear stress-induced angiogenic mediators, such as HIF1a, VEGF-␣ and its corresponding receptors (VEGFR1 and VEGFR2), Ang-1, Tie-2, and THBS1 but also of c-KIT in PLs. Considering the importance of these pathways for angiogenesis in general, and particularly for the remodeling of the pulmonary blood vessels, up-regulation in PAH lungs per se is principally not surprising. These markers have been demonstrated to be elevated in different organs and the peripheral bloodstream of patients with PAH and in animal models, where especially the induction of the VEGF pathway correlated with the severity of PAH and, accordingly, survival. 40 -44 Their concerted up-regulation in PLs, especially compared with the adjacent remodeled arteries/ concentric lesions, is, however, interesting. Although it is unlikely that lesions that arise as late in the course of a disease as PLs do in PAH, 9 and by no means occur in every patient with PAH, 4 are involved in the onset of the condition, they might well contribute to its sustainment as a source of mediators guiding vascular remodeling in other anatomic sites of the lung.
In contrast, the universally low mitotic rate and low expression of angiogenic/remodeling-associated markers in the arteries from which PLs arise do not support the concept of a circumscript "angiogenic niche" that harbors cells with a quasi neoplastic behavior in these adjacent vessels. Rather, we consider the sprouting of PLs to be an overshooting regenerative process and not a neoplastic event sensu stricto.
Significant up-regulation of hypoxemia-induced genes in the control group is explained by the cold ischemia to which the grafts, from which the downsizing-specimens were sampled before transplantation, were exposed while being transported to and prepared for the organ recipient. 45, 46 Recipient lungs with hypertension-induced changes, on the other hand, did not undergo cold ischemia but were fixated directly after explantation.
We found significant up-regulation of BMP-4 and BMPR2 in concentric lesions in remodeled pulmonary arteries of patients with APAH but not in cases with PLs. These proteins were originally named for their ability to facilitate bone tissue formation, but more recently their involvement in the signaling balance in lung development and fibrosis has been demonstrated: whereas the cross talk between BMPs and other members of the TGF superfamily is yet to be fully elucidated, various interactions, such as shared receptors and competition for subordinate SMADs, have been described, which for the most part serve the maintenance of tissue homeostasis. 47 Elevated but also decreased levels of BMPs have been described in patients with tissue remodeling in different organs, and in vitro studies have attributed BMPs with a degree of protective properties. 48, 49 In the lung, aberrant BMP expression due to inactivation of the BMPR2 gene has been shown to lead to a disorganized proliferation of smooth muscle cells and to contribute to the development of PAH. 50 Although the pathophysiologic significance of the BMPR2 mutation in IPAH has been proved, we could not find an effect on the morphology and composition of PLs.
Because neoangiogenesis in high-grade glial neoplasms (so-called GLLs) and PLs share a related morphology, they have been proposed as a putative model for PLs. 10, 51 In (fluorescent) IHC staining, we found blood vessels in GLLs to have a prominent variation in thickness and layering compared with PLs. A continuous myogenic layer separating the endothelium of individual channels was not always discernible in GLLs. Furthermore, compared with GLLs, PLs showed significant up-regulation of 25 With an up-regulation of Ang-2 and Tie-2 in PLs, but Ang-2 and VEGFR2 in GLLs, remodeling-associated markers also differed significantly. Because of these apparent differences, we feel that neoplastic models, such as GLLs, will be of limited use in the further study of plexiform vasculopathy.
In conclusion, we found PLs to be well-organized structures with a distinct microenvironment that sets them apart from the remodeled arteries in PAH lungs. The present results imply that PLs represent a complex, multifactorial epiphenomenon with shared characteristics in APAH and IPAH. Aside from studies in the human setting, preference should be given to animal models, which, in contrast to neoplastic models, can depict the hemodynamic aspects of PAH. 52 
